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We study photon blockade effect in a loop-coupled double-cavity optomechanical system consisting
of two cavity modes and one mechanical mode. Here, the mechanical mode is optomechanically
coupled to the two cavity modes, which are coupled with each other via a photon-hopping interaction.
By treating the photon-hopping interaction as a perturbation, we obtain the analytical results of
the eigenvalues and eigenstates of the system in the subspaces associated with zero, one, and two
photons. We find a phenomenon of optical normal-mode induced phonon-sideband splitting in
the photon blockade effect by numerically calculating the second-order correlation function of the
cavity fields. This work not only presents a method to choose optimal driving frequency of photon
blockade by tuning the photon-hopping interaction, but also provides a means to characterize the
normal-mode splitting with quantum statistics of cavity photons.
I. INTRODUCTION
Single-photon sources are essential components for
many rising quantum technologies such as quantum com-
putation [1], quantum communication [2, 3], and quan-
tum cryptography [4]. The photon blockade effect [5, 6],
the capture of a single photon in a system with strong
optical nonlinearity hinders the injection of the second
and subsequent photons, provides a way to realize the
single-photon sources. The key requirement for realizing
photon blockade is that the optical nonlinearity should
be more larger than the decay rates in the system. This
is because the energy-level nonharmonicity should be re-
solved by the injected photons. In experiments, photon
blockade can be characterized by the equal-time second-
order correlation function g(2)(0). In quantum optics,
the optical field for which g(2)(0) < 1 (g(2)(0) > 1) is re-
ferred to as sub-Poissonian (super-Poissonian) statistics,
and the coherent light for which g(2)(0) = 1 is the Pois-
son statistics [7]. The correlation function g(2)(0)≪ 1 is
considered as a signature of single photon blockade.
In the past few decades, photon blockade has been
theoretically predicted in diverse nonlinear optical sys-
tems, e.g., cavity quantum electrodynamics (QED) sys-
tems [8–18], circuit-QED systems [19–21], Kerr-type non-
linear cavity systems [22, 23], and optomechanical sys-
tems [24–29]. Particularly, photon blockade has been ex-
perimentally demonstrated in cavity- and circuit-QED
systems, e.g., an optical cavity coupled to a trapped
atom [9], a photonic crystal cavity coupled to a quan-
tum dot [10, 13, 15], and a microwave transmission-
line resonator coupled to a superconducting artificial
atom [19, 20]. Recently, photon blockade has also been
explored in coupled optical cavity systems, e.g., coupled
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Kerr-cavity systems [30–33], a bimodal cavity coupled to
a quantum dot [34, 35], a two-level system coupled to
two cavities [36], and a linear cavity coupled to an op-
tomechanical cavity [37–39]. Nevertheless, the control of
photon blockade effect is a new research topics in this
field.
In optomechanical cavity systems, it has been found
that phonon sidebands can be used to adjust the photon
blocking effect [24, 25]. To actively control the modula-
tion in photon blockade, it is desired to find a tunable
way to control the phonon sidebands in optomechanical
systems [40–44]. To this end, in this paper we propose
a normal-mode scheme [45–51] to tune the resonance of
the phonon sidebands. Concretely, we study the photon
blockade effect in a loop-coupled double-cavity optome-
chanical system, which is composed of two cavity-field
modes and one mechanical mode. Here the two optical
modes are linearly coupled to each other and the me-
chanical mode is coupled to each optical mode via the
radiation-pressure interaction. By analyzing the energy
spectrum of the system, we find that the photon-hopping
interaction will induce phonon-sideband splitting. We
study the phenomenon of normal-mode induced phonon-
sideband splitting by numerically calculating the equal-
time second-order correlation functions in the left and
right cavity modes. Specifically, we find that the optimal
driving frequency of the photon blockade can be selected
by adjusting the strength of the photon-hopping inter-
action between these two optical modes. We also reveal
a new method to characterize the normal-mode splitting
phenomenon through the quantum statistics of the cavity
field. This is an alternative method to the transmission
spectrum means which is widely used to observe the opti-
cal normal-mode splitting phenomena in quantum optics.
The rest of this paper is organized as follows. In Sec. II,
we introduce the physical model and present the Hamil-
tonian. In Sec. III, we calculate the eigensystem of the
Hamiltonian in the absence of driving and analyze the
corresponding energy spectrum. In Sec. IV, we study
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FIG. 1. (a) Schematic diagram of the loop-coupled double-
cavity optomechanical system, which is composed of two op-
tical modes and one mechanical mode. (b) The eigenenergy
spectrum of the Hamiltonian Hˆsys in these subspaces associ-
ated with zero, one, and two photons when gL = gR = g and
∆L = ∆R = ∆.
photon blockade effect in this system by numerically cal-
culating the equal-time second-order correlation function
of the cavity fields. Conclusion is given in Sec. V. We also
present an Appendix to show the detailed calculations of
the eigensystem in the few-photon subspaces.
II. MODEL AND HAMILTONIAN
We consider a loop-coupled double-cavity optomechan-
ical system consisting of two cavity-field modes and one
mechanical mode, as shown in Fig. 1(a). Here, the two
cavity modes (in the left and right cavities) are coupled
to each other via a photon-hopping interaction and each
cavity mode is coupled to the mechanical mode via the
radiation-pressure interaction. When the left cavity is
coherently driven by a laser field, the Hamiltonian (with
~ = 1) of the driven system reads [52]
Hˆ = ωLaˆ
†
LaˆL + ωRaˆ
†
RaˆR + ωM bˆ
†bˆ+ J(aˆ†LaˆR + aˆ
†
RaˆL)
−gLaˆ†LaˆL(bˆ† + bˆ)− gRaˆ†RaˆR(bˆ† + bˆ)
+Ω(aˆ†Le
−iωdt + aˆLe
iωdt), (1)
where aˆL (aˆ
†
L) and aˆR (aˆ
†
R) are, respectively, the anni-
hilation (creation) operators of the left and right cavity
modes, with the corresponding resonance frequencies ωL
and ωR. The operator bˆ (bˆ
†) is the annihilation (cre-
ation) operator of the mechanical mode with the res-
onance frequency ωM . The parameter J denotes the
strength of the photon-hopping interaction between the
two optical modes. The parameter gL (gR) describes the
single-photon optomechanical-coupling strength between
the left (right) cavity field and the mechanical mode. The
last term in Eq. (1) describes monochromatic driving of
the left cavity-field mode, with Ω and ωd being the driv-
ing amplitude and driving frequency, respectively.
In a frame rotating at the laser frequency ωd, the
Hamiltonian of the system can be written as
HˆI = Hˆsys +Ω(aˆ
†
L + aˆL), (2)
with
Hˆsys = ∆Laˆ
†
LaˆL +∆Raˆ
†
RaˆR + ωM bˆ
†bˆ+ J(aˆ†LaˆR + aˆ
†
RaˆL)
− gLaˆ†LaˆL(bˆ† + bˆ)− gRaˆ†RaˆR(bˆ† + bˆ), (3)
where ∆L = ωL − ωd and ∆R = ωR − ωd are the detun-
ings of the two cavity-field frequencies with respect to the
driving frequency. For Hamiltonian Hˆsys, the total pho-
ton number operator Nˆ = aˆ†LaˆL + aˆ
†
RaˆR is a conserved
quantity due to the commutative relation [Nˆ , Hˆsys] = 0.
To study the photon blockade effect in the loop-coupled
double-cavity optomechanical system, we only consider
the weak-driving case. In this case, we can restrict the
cavity field within the low-excitation subspace spanned
by the basis states {|0, 0〉LR}, {|1, 0〉LR, |0, 1〉LR}, and
{|2, 0〉LR, |1, 1〉LR, |0, 2〉LR}. Here |m,n〉LR represents
the state with m photons in the left cavity and n pho-
tons in the right cavity.
III. EIGENSYSTEM OF THE UNDRIVEN
SYSTEM
In this section, we calculate the eigensystem of the
Hamiltonian Hˆsys and analyze its energy spectrum. We
also analyze the photon blockade effect because the con-
ventional photon blockade effect is caused by the anhar-
monicity of the eigenenergy spectrum. For a general case,
it is difficult to obtain the exact analytical results of the
eigensystem of Hˆsys. Here we will calculate the eigensys-
tem of this Hamiltonian Hˆsys in few-photon subspaces.
In the absence of the photon-hopping term, the Hamil-
tonian of the system becomes
Hˆopt = ∆Laˆ
†
LaˆL +∆Raˆ
†
RaˆR + ωM bˆ
†bˆ
−gLaˆ†LaˆL(bˆ† + bˆ)− gRaˆ†RaˆR(bˆ† + bˆ). (4)
To diagonalize the Hamiltonian Hˆopt, we introduce a con-
ditional displacement operator Dˆ(ηˆ) = exp[ηˆ(bˆ† − bˆ)],
3where the conditional displacement amplitude ηˆ is de-
fined by
ηˆ ≡ (gLaˆ†LaˆL + gRaˆ†RaˆR)/ωM
=
∞∑
m,n=0
η[m,n]|m,n〉LR LR〈m,n|, (5)
with η[m,n] = (gLm+ gRn)/ωM . Note that the mechani-
cal displacement depends on the photons in the two cav-
ities.
The Hamiltonian Hˆopt can be diagonalized by a dis-
placement transform as
ˆ˜Hopt = Dˆ
†(ηˆ)HˆoptDˆ(ηˆ)
=
∑
s=L,R
∆saˆ
†
saˆs + ωM bˆ
†bˆ− (gLaˆ
†
LaˆL + gRaˆ
†
RaˆR)
2
ωM
.
(6)
The eigensystem of ˆ˜Hopt can be obtained as
ˆ˜Hopt|m,n〉LR|k〉b = Em,n,k|m,n〉LR|k〉b, with the
corresponding eigenvalues
Em,n,k = m∆L+n∆R+ kωM − (gLm+ gRn)2/ωM . (7)
Here |k〉b (k = 0, 1, 2, · · · ) represent the number states
of the mechanical mode. Then the eigensystem of the
Hamiltonian Hˆopt can be obtained as
Hˆopt|m,n〉LR|k˜(m,n)〉b = Em,n,k|m,n〉LR|k˜(m,n)〉b,
(8)
where we introduce the photon-number-dependent dis-
placed phonon number states as
|k˜(m,n)〉b = Dˆ(η[m,n])|k〉b. (9)
It can be proved that for a given two-mode photon
number state |m,n〉LR, the photon-number-dependent
displaced phonon number states |k˜(m,n)〉b can con-
stitute a complete orthonormal basis in the Hilbert
space of the mechanical mode, as shown by the follow-
ing two relations
∑∞
k=0 |k˜(m,n)〉b b〈k˜(m,n)| = Ib and
b〈k˜(m,n)|k˜′(m,n)〉b = δk,k′ , where Ib is the identity oper-
ator of the mechanical mode. When m 6= m′ or n 6= n′,
the inner product of these displaced number states (the
Franck-Condon factor) for the mechanical mode can be
calculated by
b〈k˜(m,n)|k˜′(m′, n′)〉b = b〈k|Dˆ(η[m
′,n′]−η[m,n])|k′〉b. (10)
We can calculate the matrix elements in Eq. (10) based
on the relation [53]
b〈k|Dˆ(β)|l〉b =


√
k!
l!
e−
|β|2
2 (−β∗)l−kLl−kk (|β|2), l ≥ k,√
l!
k!
e−
|β|2
2 (β)k−lLk−ll (|β|2), k > l,
(11)
where Dˆ(β) = exp(βbˆ†− β∗bˆ) is a displacement operator
and Llk(β) are the associated Laguerre polynomials.
In the following we calculate the eigensystem of Hˆsys
by adding the photon-tunneling term to Hˆopt. In the
eigenstate representation of Hˆopt, the matrix element of
Hˆsys can be obtained as
LR〈m,n|b〈k˜(m,n)|Hˆsys|m′, n′〉LR|k˜′(m′, n′)〉b
= Em,n,kδm,m′δn,n′δk,k′ + J [
√
(m′ + 1)n′δm,m′+1δn,n′−1
+
√
m′(n′ + 1)δm,m′−1δn,n′+1] b〈k˜(m,n)|k˜′(m′, n′)〉b,
(12)
where the Franck-Condon factors can be calculated
with Eq. (10). We note that the displaced-oscillator-
number-state representation has been used to diagonal-
ize the Hamiltonian of a coupled qubit-oscillator sys-
tem [54]. In the case of gL 6= gR and η[m,n] ≪ 1,
these matrix elements of Hˆsys can be solved approxi-
mately by using the zero-order approximation of η[m,n],
i.e., b〈k˜(m,n)|k˜′(m′, n′)〉b ≈ δk,k′ . This approximation
simplifies the calculation of the eigensystem of Hˆsys and
it indicates that the photon tunneling only induces tran-
sitions with the same phonon sidebands. The detailed
calculations concerning few (zero, one, and two) pho-
tons will be given in Appendix. We point out that
b〈k˜(m,n)|k˜′(m′, n′)〉b = δm+n,m′+n′δk,k′ in the case of
gL = gR.
In our following discussions, we consider the case of
gL = gR = g and ∆L = ∆R = ∆. In this case, the
analytical expressions of these eigenvalues of Hˆsys can be
obtained as
ε0,k = kωM ,
ε1±,k = ∆+ kωM − g
2
ωM
± J,
ε20,k = 2∆+ kωM − 4g
2
ωM
,
ε2±,k = 2∆+ kωM − 4g
2
ωM
± 2J. (13)
The analytical expression of these corresponding eigen-
states are
|Ψ0,k〉 = |0, 0〉LR|k〉b,
|Ψ1±,k〉 = 1√
2
(|1, 0〉LR|k˜(1, 0)〉b ± |0, 1〉LR|k˜(0, 1)〉b),
|Ψ20,k〉 = 1√
2
(|2, 0〉LR|k˜(2, 0)〉b − |0, 2〉LR|k˜(0, 2)〉b),
|Ψ2±,k〉 = 1
2
(|2, 0〉LR|k˜(2, 0)〉b + |0, 2〉LR|k˜(0, 2)〉b)
± 1√
2
|1, 1〉LR|k˜(1, 1)〉b. (14)
Figure 1(b) shows the energy spectrum of the Hamilto-
nian Hˆsys of the system in these subspaces associated
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(2)
R (0) as functions of the driving detuning ∆/ωM . The gray dashed lines correspond to the position
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with zero, one, and two photons. Owing to the anhar-
monicity of the energy spectrum in this system, the pho-
ton blockade effect can happen when driving the cav-
ity mode. In addition, we can see from Fig. 1(b) that
the photon-hopping interaction will induce a splitting be-
tween the same phonon sidebands.
IV. PHOTON BLOCKADE EFFECT
In this section, we study the photon blockade effect in
the left and right cavities by numerically calculating the
equal-time second-order correlation functions of the two
cavity-field modes.
A. Quantum master equation
To include the damping and noise in this system, we as-
sume that the two cavity-field modes are connected with
two individual vacuum baths and the mechanical mode
is connected with a heat bath at temperature T . Then
the dynamics of the system is governed by the quantum
master equation
˙ˆρ = i[ρˆ, HˆI ] +
κL
2
LaˆL [ρˆ] +
κR
2
LaˆR [ρˆ]
+
κb
2
(n¯b + 1)Lbˆ[ρˆ] +
κb
2
n¯bLbˆ† [ρˆ], (15)
where HˆI is the Hamiltonian given in Eq. (2), κL (κR)
is the decay rate of the left (right) cavity, and κb is the
dissipation rate of the mechanical mode. The parameter
n¯b is the average thermal phonon number of the mechan-
ical mode given by n¯b = [exp(~ωM )/kBT − 1]−1, where
T is the temperature of the heat bath and kB is the
Boltzmann constant. Loˆ[ρˆ] = (2oˆρˆoˆ† − oˆ†oˆρˆ − ρˆoˆ†oˆ) are
the Lindblad superoperators with oˆ = aˆL, aˆR, bˆ, and bˆ
†.
The Lindblad superoperators LaˆL [ρˆ], LaˆR [ρˆ], and Lbˆ[ρˆ]
describe the losses of the two cavity-field modes and the
mechanical mode, while Lbˆ† [ρˆ] describes the mechanical
thermal excitation.
B. Numerical results
By numerically solving the quantum master equa-
tion (15) with the Python package QuTiP [55, 56],
we can get the steady-state density operator ρˆss of
the system. Then the photon number-state occupa-
tions of the left and right cavities can be obtained by
Pµ,m=0,1,2 = Tr[|m〉µ µ〈m|ρˆss] (µ = L,R). Similarly,
we can obtain the equal-time second-order correlation
functions of the left and right cavities by g
(2)
µ (0) =
Tr(aˆ†µaˆ
†
µaˆµaˆµρˆss)/[Tr(aˆ
†
µaˆµρˆss)]
2 with µ = L,R.
To study the photon blockade effect in the left and
right cavities, we plot the state occupations of the left
and right cavity-field modes Pµ,m=0,1,2 (µ = L,R) as
functions of the driving detuning ∆/ωM in Figs. 2(a)
and 2(b). It can be seen that the photon number-state
occupations of the left and right cavity-field modes sat-
isfy the relations Pµ,0 ≈ 1 and Pµ,0 ≫ Pµ,1 ≫ Pµ,2
(µ = L,R) for the weak-driving case. Furthermore, we
observe that for each phonon sideband, there are two sub-
peaks in the curves of the single-photon state occupations
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Pµ,1. Hereafter, we call the envelop of these subpeaks as
a main peak associated with the corresponding phonon
sideband. These subpeaks can be qualitatively under-
stood from the energy level diagram shown in Fig. 1(b).
By analyzing Fig. 1(b), we find that these subpeaks in
the curves of Pµ,1 correspond to the single-photon res-
onance conditions ∆ + kωM − g2/ωM ± J = 0, where
k = 0, 1, 2, · · · is the phonon sideband index, as marked in
Figs. 2(a) and 2(b). The locations of these subpeaks are
∆ = g2/ωM ∓ J − kωM , i.e., corresponding to the single-
photon resonance transitions |Ψ0,0〉 → |Ψ1±,k〉. For the
two-photon state occupations Pµ,2, we see that there are
four (three) subpeaks in each even (odd) phonon side-
band. In each odd phonon sideband, these three sub-
peaks correspond to the two-photon resonance condi-
tions 2∆ + kωM − 4g2/ωM ± 2J = 0 and 2∆ + kωM −
4g2/ωM = 0, respectively. Then the locations of these
three peaks are given by ∆ = 2g2/ωM ∓ J − kωM/2 and
∆ = 2g2/ωM − kωM/2, i.e., corresponding to the two-
photon resonant transitions |Ψ0,0〉 → |Ψ2s,k〉 (s = ±, 0).
In each even phonon sideband, the locations of these
three subpeaks are determined by the two-photon pro-
cesses, the rest subpeak is induced by the single-photon
resonant transition |Ψ0,0〉 → |Ψ1+,k〉. Here only four
subpeaks can be observed in each even photon sideband
because the subpeaks corresponding to the single-photon
transition processes |Ψ0,0〉 → |Ψ1−,k〉 and two-photon
transition processes |Ψ0,0〉 → |Ψ20,2k〉 cannot be dis-
tinguished for the parameters used in our simulations.
Based on the above analysis, we know that the distances
between two neighboring subpeaks in PL(R),1 and PL(R),2
associated with a certain k are 2J and J , respectively.
In addition, the distance between the main peaks relat-
ing to neighboring phonon sideband indexes k and k + 1
is ωM . Therefore, for resolving these subpeaks associ-
ated with the same phonon sideband index (in the same
main peak), the system should work in the regime of
J ≫ κ. However, for resolving the phonon sidebands
relating to neighboring sideband indexes (namely resolv-
ing these main peaks), the resolved-sideband condition
ωM ≫ κ should be satisfied. These relations can be
obtained by analyzing the eigen-energy spectrum of the
system, as shown in Fig. 1(b).
To clarify the optimal driving frequency of the pho-
ton blockade effect, in Figs. 2(c) and 2(d) we plot the
equal-time second-order correlation functions g
(2)
µ=L,R(0)
as functions of the driving detuning ∆/ωM . We observe
a sequence of super-Poissonian (g
(2)
µ (0) > 1) and sub-
Poissonian (g
(2)
µ (0) < 1) photon statistics. In addition, it
can be found that the locations of these dips and peaks
of the correlation functions g
(2)
µ (0) correspond to single-
and two-photon resonance processes, respectively. In the
single-photon resonance case, a single photon can be res-
onantly excited into the cavity, while the excitation of
the second photon is largely suppressed owing to the an-
harmonicity of the energy spectrum. This indicates that
the photon blockade effect g
(2)
µ (0) ≪ 1 occurs under the
single-photon resonance condition. In particular, we find
that the optimal driving frequencies of the photon block-
ade effect can be selected by tuning the coupling strength
between two cavities. The reason is that the optimal driv-
ing frequencies (∆ = g2/ωM ∓ J − kωM ) of the photon
blockade effect depend on the photon-hopping strength
J . In Fig. 2, we use the gray dashed lines to mark the
single-photon resonance process |Ψ0,0〉 → |Ψ1+,0〉, i.e.,
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the location of ∆ = g2/ωM − J .
We proceed to study the influence of the
optomechanical-coupling strength on the photon block-
ade effect. In Fig. 3, we plot the correlation functions
g
(2)
µ=L,R(0) as functions of g/ωM at the single-photon
resonant driving ∆ = g2/ωM ∓ J , i.e., |Ψ0,0〉 → |Ψ1±,0〉.
The blue and red solid curves correspond to the cases
of ∆ = g2/ωM − J and ∆ = g2/ωM + J , respectively.
It can be observed from Fig. 3 that the values of g
(2)
µ (0)
are approximately equal to 1 when g/ωM <∼ 0.05, which
means that the photon blockade effect of the left and
right cavities cannot occur. In addition, there are several
resonance peaks at specific values of g/ωM . Due to the
modulation of the phonon sidebands, the single- and
two-photon resonant transitions can be simultaneously
induced. Hence, the locations of these resonance peaks
in Figs. 3(a) and 3(b) [Figs. 3(c) and 3(d)] correspond to
the two-photon resonant transitions |Ψ1+,0〉 → |Ψ2s,k〉
(|Ψ1−,0〉 → |Ψ2s,k〉). By analyzing the energy spec-
trum of the system, the optomechanical-coupling
strengths corresponding to the single- and two-
photon resonant transitions can be obtained as g[k+] =
[(kω2M−4JωM )/2]1/2, [(kω2M−2JωM)/2]1/2, (kω2M/2)1/2,
and g[k−] = (kω2M/2)
1/2, [(kω2M + 2JωM )/2]
1/2,
[(kω2M + 4JωM )/2]
1/2, respectively. Here, the pa-
rameter conditions of g[k+] (g[k−]) are determined
simultaneously by the single-photon resonant transition
|Ψ0,0〉 → |Ψ1+,0〉 (|Ψ0,0〉 → |Ψ1−,0〉) and two-photon res-
onant transition |Ψ1+,0〉 → |Ψ2s,k〉 (|Ψ1−,0〉 → |Ψ2s,k〉).
It follows from the relations g[k+] and g[k−] that the
distance between the two subpeaks depends on the
photon-hopping strength J when the phonon-sideband
index k is given. This implies that the phenomenon of
optical normal-mode induced phonon-sideband splitting
can be observed in the second-order correlation functions
of the cavity fields.
We also analyze how the photon blockade effect de-
pends on the cavity-field decay rate. The correlation
functions g
(2)
µ=L,R(0) are plotted in Fig. 4 as functions of
g/ωM at various values of κ/ωM when ∆ = g
2/ωM − J .
We observe that due to the modulation of the phonon
sidebands, the correlation functions g
(2)
µ (0) exhibit sev-
eral resonance subpeaks at specific values of g/ωM . Since
the values of the peaks in g[k+] = [(kω2M − 4JωM )/2]1/2
are very small, only two subpeaks can be observed in
each phonon sideband. Particularly, we find that the two
subpeaks relating to each phonon sideband coalesce into
a main peak with the increase of κ/ωM . When the de-
cay rate is much larger than the photon-hopping strength
κ≫ J , the normal mode becomes unresolved and hence
the normal-mode splitting phenomenon disappears. In
addition, we find that the photon blockade effect in the
left and right cavities attenuates with the increase of
κ/ωM . In particular, the correlation function of the left
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FIG. 5. The correlation functions (a) g
(2)
L (0) and (b) g
(2)
R (0) as functions of the thermal phonon number n¯b at various values of
g/ωM when ∆ = g
2/ωM −J . Other parameters used are ∆L = ∆R = ∆, gL = gR = g, J/ωM = 0.05, κL/ωM = κR/ωM = 0.01,
κb/ωM = 0.001, and Ω/κL = 0.2.
cavity is more robust than that in the right cavity against
the cavity-field decay.
Below, we study the influence of the thermal noise of
the mechanical environment on the photon blockade ef-
fect in the left and right cavities. In Fig. 5, we show
the correlation functions g
(2)
µ=L,R(0) as functions of the
thermal phonon number n¯b at various values g/ωM when
∆ = g2/ωM − J . Here, the values of g(2)µ (0) increase
slowly with the increase of n¯b. This indicates that the
thermal noise will weaken the photon blockade effect.
However, the photon blockade effect can be enhanced
with the increase of g/ωM when n¯b = 0.
V. CONCLUSION
In conclusion, we studied the photon blockade ef-
fect in a loop-coupled double-cavity optomechanical sys-
tem, in which the left and right cavities are coupled
to each other by a photon-hopping interaction and the
mechanical mode is coupled to the two cavity modes
through the radiation-pressure interaction. Here, the
left cavity is weakly driven by a monochromatic laser
field. We obtained the analytical result of the eigen-
system in the weak photon-hopping case. By ana-
lyzing the energy spectrum of the system, we found
that the photon-hopping interaction will induce normal-
mode splitting in the subspaces associated with the same
phonon-sideband index. In particular, we found an in-
teresting phenomenon of optical normal-mode induced
phonon-sideband splitting in the second-order correla-
tion function of the cavity fields. We also found that the
photon blockade effect in the left and right cavities can
be observed in the single-photon resonant driving case.
Our results not only show that the optimal driving fre-
quency of the photon blockade can be selected by tuning
the coupling strength of the photon-hopping interaction,
but also provide a new experimental means to observe
the normal-mode splitting effect through the correlation
functions of cavity field.
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Appendix: Eigensystem in the few-photon subspaces
In this Appendix, we present the eigensystem of the
Hamiltonian Hˆsys in the few-photon subspaces.
1. Eigensystem in the zero- and single-photon
subspaces
In the zero-photon subspace, the eigen-equation is
given by Hˆsys|Ψ0,k〉 = ε0,k|Ψ0,k〉 (k = 0, 1, 2, · · · ) with
the eigenstate |Ψ0,k〉 = |0, 0〉LR|k˜(0, 0)〉b = |0, 0〉LR|k〉b
and the eigenvalue ε0,k = E0,0,k.
In the single-photon subspace, the eigensystem can be
expressed as Hˆ
[1]
sys|Ψ1±,k〉 = ε1±,k|Ψ1±,k〉 with
Hˆ [1]sys =


E1,0,0 J 0 0 · · ·
J E0,1,0 0 0 · · ·
0 0 E1,0,1 J · · ·
0 0 J E0,1,1 · · ·
...
...
...
...
. . .

 , (A.1)
which is written based on the basis states
|1, 0〉LR|k˜(1, 0)〉b = (0, · · · , 0, 12k+1, 0, · · · )T and
|0, 1〉LR|k˜(0, 1)〉b = (0, · · · , 0, 12k+2, 0, · · · )T , where
“T ” denotes the matrix transpose. By solving the
eigensystem of the matrix Hˆ
[1]
sys, the eigenvalues and the
8eigenstates can be obtained as
ε1±,k =
1
2
[
E1,0,k + E0,1,k ±
√
(E1,0,k − E0,1,k)2 + 4J2
]
,
(A.2)
and
|Ψ1±,k〉 = C [1±]1,0,k|1, 0〉LR|k˜(1, 0)〉b + C [1±]0,1,k|0, 1〉LR|k˜(0, 1)〉b.
(A.3)
The coefficients in Eq. (A.3) are defined by
C
[1±]
1,0,k =
J√
J2 + (ε1±,k − E1,0,k)2
,
C
[1±]
0,1,k =
ε1±,k − E1,0,k√
J2 + (ε1±,k − E1,0,k)2
. (A.4)
2. Eigensystem in the two-photon subspace
In the two-photon subspace, the eigenstates and eigen-
values can be obtained by solving the eigen-equation
Hˆ
[2]
sys|Ψ2s,k〉 = ε2s,k|Ψ2s,k〉 with s = ±, 0 and k =
0, 1, 2, · · · . The matrix of Hˆ [2]sys can be expressed as
Hˆ [2]sys =


E2,0,0
√
2J 0 0 0 0 · · ·√
2J E1,1,0
√
2J 0 0 0 · · ·
0
√
2J E0,2,0 0 0 0 · · ·
0 0 0 E2,0,1
√
2J 0 · · ·
0 0 0
√
2J E1,1,1
√
2J · · ·
0 0 0 0
√
2J E0,2,1 · · ·
...
...
...
...
...
...
. . .


,
(A.5)
which is defined based on the basis states
|2, 0〉LR|k˜(2, 0)〉b = (0, · · · , 0, 13k+1, 0, · · · )T ,
|1, 1〉LR|k˜(1, 1)〉b = (0, · · · , 0, 13k+2, 0, · · · )T , and
|0, 2〉LR|k˜(0, 2)〉b = (0, · · · , 0, 13k+3, 0, · · · )T . The
eigenvalues can be obtained as
ε2−,k =− 1
3
pk −
√−3ak
3
[cos(φk/3) +
√
3 sin(φk/3)],
ε20,k =− 1
3
pk −
√−3ak
3
[cos(φk/3)−
√
3 sin(φk/3)],
ε2+,k =− 1
3
pk +
2
√−3ak
3
cos(φk/3), (A.6)
where the relating parameters are defined by
φk = arccos[−3bk
√−3ak/(2a2k)],
ak = qk − p2k/3,
bk = rk + 2p
3
k/27− pkqk/3,
pk = −(E0,2,k + E1,1,k + E2,0,k),
qk = E1,1,kE0,2,k + E1,1,kE2,0,k + E2,0,kE0,2,k − 4J2,
rk = 2J
2(E0,2,k + E2,0,k)− E1,1,kE0,2,kE2,0,k. (A.7)
The corresponding eigenstates are
|Ψ2s,k〉 = C [2s]2,0,k|2, 0〉LR|k˜(2, 0)〉b
+ C
[2s]
1,1,k|1, 1〉LR|k˜(1, 1)〉b
+ C
[2s]
0,2,k|0, 2〉LR|k˜(0, 2)〉b, (A.8)
where the superposition coefficients are given by
C
[2s]
2,0,k =
√
2J(E0,2,k − ε2s,k)N−1/22s,k ,
C
[2s]
1,1,k = (E2,0,k − ε2s,k)(E0,2,k − ε2s,k)N−1/22s,k ,
C
[2s]
0,2,k =
√
2J(E2,0,k − ε2s,k)N−1/22s,k , (A.9)
with
N2s,k = [2J
2 + (E2,0,k − ε2s,k)2](E0,2,k − ε2s,k)2
+ 2J2(E2,0,k − ε2s,k)2. (A.10)
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